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Synthesis and study of chitosan and poly(ethylene
glycol) graft copolymers containing triazine moiety
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Novel chitosan-O-poly(ethylene glycol) graft copolymers with different
graft density were synthesized. Trichlorotriazine was used as a coupling
reagent for a covalent attachment of poly(ethylene glycol) monomethyl
ether (MPEG) to chitosan. The chitosan etherification reaction was car-
ried out in dimethylformamide in the presence of silver oxide. Chitosan-
O-poly(ethylene glycol) graft copolymers were characterized by FTIR
and NMR spectroscopy, X-ray diffraction and elemental analysis. Chito-
san derivatives were soluble in water and aqueous solutions of a wide
pH range. The reduced viscosity of aqueous solutions of the graft copo-
lymers was extremely low and similar to that of MPEG.

Key words: chitosan, trichlorotriazine, O-PEGylated chitosan, water-so-
luble, viscosity

A. Gostauto 9,
LT-2600, Lithuania

INTRODUCTION

Chitosan is a polysaccharide widely distributed in
nature. It could be regarded as an analogue of cel-
lulose with the amino group instead of the C(2)
hydroxyl group, but despite its structural similarity
to cellulose, it appears to be much less accessible
to potential reactants than cellulose does. Thus de-
rivatization of this polymer normally requires much
more drastic conditions than are necessary for cel-
lulose [1].

Chemical modifications of chitosan are widely
used to obtain new derivatives with unique proper-
ties. There are a lot of publications concerning chi-
tosan modifications through NH, groups. However,
chemical modifications of this type change the fun-
damental skeleton of chitosan, and the modified chi-
tosan loses its original physicochemical and bioche-
mical activities [2]. An alternative way of chitosan
derivation is its alkylation through OH groups, which
is used much less.

Poly(ethylene glycol) (PEG) is regarded as one
of the most suitable graft-forming polymers because
of its unique properties including solubility in both
water and organic solvents, low toxicity, good bio-
compatibility and biodegradability [3]. PEG was
grafted onto chitosan by different techniques result-
ing in N-substituted chitosan derivatives [4-7]. No
publications were found on PEGylation of chitosan
through its —OH groups. Before grafting, PEG must
be “activated”, i.e. its terminal OH groups have to

be converted to more reactive halogen, aldehyde and
similar groups. Reactive intermediates possessing re-
active groups (e.g., 2,4,6-trichloro-1,3,5-triazine) are
coupled to PEG in some cases.

2,4,6-trichloro-1,3,5-triazine (cyanuric chloride) is
a heterocyclic organic compound commonly used for
immobilization of proteins on various polymeric sup-
ports, such as cellulose [8] and agarose, as well as for
modification of proteins [9], liposome [10] and natu-
ral polymers (e.g., chitosan [11] and wool [12]). Trichlo-
rotriazine derivatives have found extensive use in the
synthesis of “activated” dyes, whiteners, herbicides,
pharmaceuticals, etc. [13]. Dichlorotriazine is not as
reactive as the initial trichlorotriazine, but has a suf-
ficient residual activity for attaching to biopolymers
in weakly alkaline aqueous solutions at 35-40 °C. Both
mono- and dichlorotriazines exhibit biological activity
and some carcinogenic properties [14]. Trichlorotria-
zine and its derivatives easily react with amines and
alcohols (aromatic and aliphatic) in organic, organic/
agueous and aqueous solutions. Because of partial hyd-
rolysis of trichlorotriazine and its derivatives in aque-
ous solutions, the use of organic media is preferable.

In this paper, we report on the covalent attach-
ment of poly(ethylene glycol) monomethyl ether to
chitosan using trichlorotriazine as a coupling rea-
gent. The novel chitosan-O-MPEG graft copolymers
are expected to combine the beneficial properties
of chitosan and PEG and may find applications in
several fields including biotechnology, pharmaceuti-
cals, water treatments, etc.



Synthesis and study of chitosan and poly(ethylene glycol) graft copolymers containing triazine moiety 23

EXPERIMENTAL
Materials

Chitosan (M, 400000, degree of deacetylation (DD)
72%) and poly(ethylene glycol) monomethyl ether
(MPEG) (M, 2000) were obtained from FLUKA.
Trichlorotriazine was obtained from Aldrich. Ag,0
was synthesized from AgNO, and KOH in our la-
boratory just before use. Dimethylformamide (DMF)
was “dried” for two days with KOH, distilled from
CaH, under reduced pressure and stored over 4 A
molecular sieves.

Preparation of N-phthaloyl chitosan [2]

A mixture of chitosan (5.00 g, 31.0 mmol) and
phthalic anhydride (PHA) (13.8 g, 93.1 mmol) in
DMF (100 ml) was heated with stirring at 130 °C
under nitrogen atmosphere. After 5-7 h the mixtu-
re became a clear and viscous solution. The preci-
pitate obtained by pouring the solution into ice-wa-
ter was collected by filtration, extracted with etha-
nol in Soxhlet’s apparatus, and dried in air to give
7.6 g of N-phthaloyl chitosan.

Preparation of 2-O-MPEG-4,6-dichloro-s-triazine
(MPEGT) [15]

2,4,6-trichloro-s-triazine (5.5 g, 0.03 mol) was dis-
solved in anhydrous benzene containing 10 g of an-
hydrous sodium carbonate. MPEG (19 g, 0.01 mol)
was added and the mixture was stirred overnight at
room temperature. The solution was filtered, and
diethyl ether was poured slowly into the filtrate un-
der stirring. The obtained product was filtered off,
reprecipitated several times from benzene to diethyl
ether and dried in a vacuum oven.

Preparation of O-substituted chitosan — MPEGT graft
copolymers

A mixture of N-phthaloyl chitosan (0.9 g,
3.35 mmol), MPEGT (14.03 g, 6.7 mmol) and Ag,0
(1.55 g, 6.7 mmol) in 60 ml of DMF was heated at
60 °C under magnetic stirring for 16 h. Then hyd-
razine monohydrate (40 ml) and water (80 ml) were
added to the reaction vessel and the mixture was
heated under magnetic stirring for 15 h at 90 °C.
To remove hydrazine monohydrate the mixture was
evaporated using a rotary evaporator until viscous
solution. The residual solution was diluted with wa-
ter and evaporated again. This procedure was re-
peated three times. Then the residue was diluted
with water and dialyzed against water for 96 h us-
ing visking dialysis tubing (SERVA). The dialysed
solution was concentrated until a solid residue us-
ing a rotating evaporator and the obtained product

was dried in a vacuum oven to give 8.2 g of O-
PEGylated chitosan.

Determination of the degree of O-substitution of
chitosan

The degree of O-substitution of MPEG to a mono-
saccharide residue of chitosan (DS, %) was calcula-
ted by two independent methods, i.e. according to
the content of primary amino groups and the con-
tent of PEG units in the copolymers determined
experimentally.

The content of primary amino groups was deter-
mined by potentiometric titration [16]. A copolymer
(0.1-0.2 g) was accurately weighed, dissolved in 20
ml of aqueous 0.1 N HCI and the solution was tit-
rated with 0.1 N NaOH. A blank experiment was
carried out in the same conditions. The content of
amino groups (NH,, %) in a copolymer was calcu-
lated as follows:

nH, = (1Y) XCXE

mx1000
where: V, and V, - the volume (ml) of NaOH so-
lution used for titration of blank and sample solu-
tions respectively;

C - the concentration (mol/l) of NaOH solution;

E - the molecular weight of the amino group
(16);

m — the sample weight, g.

The content of PEG units in a copolymer was de-
termined by a colorimetric method based on the par-
titioning of a chromophore present in ammonium fer-
rothiocyanate reagent from the aqueous to the chlo-
roform phase in the presence of PEG [17]. Five milli-
litres of chloroform, 5 ml of ammonium ferrothiocya-
nate reagent and 0.5 ml of a copolymer (0.02 g/25 ml
of water) solution were mixed vigorously for 30 min
at room temperature. The phases were separated, and
the absorbance of the lower chloroform phase was
recorded at 510 nm using a cuvette with 1 cm optical
path length. The method gave a linear response over
a range of 0.05-0.4 mmol of MPEG-2000.

The content of MPEGT grafts containing triazi-
ne moiety (MPEGT, %) in a copolymer was calcu-
lated as follows:

c x 2094
X
m

100,

MPEGT = 100,

where: ¢ — concentration of MPEG-2000 in the sam-
ple solution determined from the calibration curve,
mol/l;

2094 — molecular weight of a MPEGT graft con-
taining triazine moiety;

m — the sample weight, g.

DS (%) was calculated referring to both above
methods by the following equations:
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6.66 -~ NH,)x173

DS= ( 100;
NH , x 2094

_ MPEGT %173 9
(100 - MPEGT) x 2094

where: 173 — an average mol. weight of the mono-
saccharide residue of chitosan (DD 72%);

6.66 — the content of amino groups in chitosan
(DD 72%), %.

Both methods gave a very good agreement in
DS values and thus confirmed their suitability for
analysis of chitosan-O-MPEGT graft copolymers.

100,

Spectroscopic and X-ray diffraction measurements

FTIR spectra were recorded with a PERKIN
ELMER Spectrum BX spectrometer under dry air
at 20 °C by the KBr pellet method. *H-NMR spec-
tra of the samples dissolved in DMSO were recor-
ded on a TESLA BS 587A 80MHz spectrometer at
29 °C. X-ray diffraction measurements were perfor-
med with a Bruker D8 diffractometer equipped with
Gobel mirror (primary beam monochromator) for
Cu radiation. Continuous scan mode was used in
the range of 5° < 2 © < 45° with a scan rate of 1°
2 © min.

Viscosity measurement

The intrinsic viscosity of the copolymer solutions in
aqueous 0.5 M CH,COOH / 0.5 M CH,COONa at
25 °C was measured using a dilution-type Ubbeloh-
de viscometer. Reduced viscosity of the solutions at
¢ = 1.25 ¢g/100 ml was measured using a Cannon—
Fenske viscometer.

Solubility tests

The solubility of chitosan-O-
MPEGT graft copolymers Q
was tested in several orga- OH
nic solvents, distilled water
as well as in 0.1 M acetate
buffer (pH 4.01), 0.1 M
phosphate buffer (pH 7.00)
and 0.1 M borate buffer
(pH 10.00). The samples
were soaked in each solvent
at the concentration of
5 mg/ml.

1. MPEGT,Ag,0, DMF
—_—
2. NHNH,*H,0

RESULTS AND
DISCUSSION

Chitosan contains two hyd-
roxyl groups in every mono-

saccharide residue and potentially is able to under-
go many reactions of alcohols. One of the most
common reactions of alcohols is etherification or
nucleophilic substitution (S 2) reaction. It takes place
between OH groups of alcohols or between the OH
group of an alcohol and the halogen group of an
alkyl halide. Alkyl halides (methyl chloride, ethyl
chloride, etc.) are the reactants for etherification of
cellulose in strongly alkaline aqueous solutions. Such
conditions, however, are not acceptable for chitosan
for the reasons associated with insolubility of chito-
san and, as determined by us, partial deprotection
of its amino groups in alkaline solutions.

The present study focuses on etherification of
chitosan in polar organic media. The keystone for
this pathway is the fact that the N-phthaloyl deriva-
tive of chitosan is soluble in several organic sol-
vents (DMSO, DMF, pyridine and dimethylacetami-
de) [18]. Therefore the N-phthaloyl group is indis-
pensable for both protection of amino functionali-
ties of chitosan and solubilization of the product in
an organic solvent, which is of least importance for
the further reaction with a halogenated derivative
of MPEG.

O-PEGylated chitosan derivatives were synthesi-
zed as presented in Scheme. At first, amino groups
of chitosan were protected by a 3-fold excess of
phthalic anhydride in DMF. It is known [18] that
phthalic anhydride excess guarantees a complete N-
phthaloylation of chitosan, which was confirmed by
IR and H-NMR spectra.

“Activation” of MPEG by 2,4,6-trichloro-s-triazi-
ne was carried out at room temperature in dry ben-
zene by a known method [15] to give 2-O-MPEG-
4,6-dichloro-s-triazine (MPEGT), which was used as
a soluble electrophilic scavenger. The use of a non-

NHCOCH,
NHCOCH, m
m

o CH
NY% \/7\ -, YFO\/Q\ CH
HO— S o N ~CHs
: PO <

N 2N

Scheme. O-PEGylation of chitosan
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aqueous solution was essential and allowed to avoid
hydrolysis of the product, which is common for 2,4,6-
trichloro-s-triazine derivatives in aqueous solutions
even at 4 °C [15]. The complete “activation” of
MPEG was confirmed by UV-spectroscopy measur-
ing absorbance at A = 234 nm [19].

MPEGT was attached to N-phthaloyl chitosan
dissolved in DMF containing Ag,O dispersion. DMF
was ascertained as the best solvent for O-PEGylation
of chitosan. The other solvents tested were not sui-
table because of partial oxidation (DMSQO) or com-
plexation of MPEGT (pyridine).

Alkaline systems like alkali metal hydroxides, such
as sodium hydroxide or potassium hydroxide, or oxi-
des such as silver oxide are a prerequisite for succes-
sful etherification of hydroxyl groups of polysacchari-
des [20]. It was determined by us that the use of alkali
metal hydroxides is impossible because of partial dep-
rotection of amino functionalities of chitosan in these
conditions. The solubility of silver oxide and the sub-
sequent alkalinity of the solution is considerably lo-
wer; that is why silver oxide has proved particularly
suitable for the reaction of etherification.

The removal of protective phthaloyl groups was
efficiently carried out by treatment with hydrazine
monohydrate. This was confirmed by IR spectra of
chitosan-O-MPEGT graft copolymers that didn’t con-
tain absorption at 1770 and 1710 cm characteristic
of phthalimido groups (Fig.1).

According to chemical analysis data, the obtain-
ed chitosan-O-MPEGT graft copolymers contained
large amounts of PEG units and a predicted amount
of free amino groups (Table 1). The degree of O-
substitution of MPEGT to the monosaccharide resi-

2886,12

3435,45

2886,89

3439,67
2923,58

1656,66

1656,66

due of chitosan (DS) linearly depends on the molar
ratio of MPEGT to chitosan. The reaction between
chitosan OH-groups and MPEGT s irreversible and
proceeds until consumption of the active functional
groups. Any excess of MPEGT is not a prerequisite
for the reaction. When chitosan is in excess, chito-
san-O-MPEGT graft copolymers with different de-
grees of substitution (8 to 97%) are synthesized
(Table). When MPEG is in excess, the degree of O-
substitution increases up to 200%, i.e. both hydro-
xyl groups in each monosaccharide residue of chito-
san are converted into ether groups.

IR spectrum of MPEGT, compared to the spec-
trum of initial MPEG, exhibits a new absorption
band at 1546 cm™, which is attributed to the tria-
zine ring [21]. IR spectra of chitosan-O-MPEGT
graft copolymers show the bands characteristic both
of chitosan and MPEGT with a much higher ab-
sorbance of the groups of the latter (Fig. 1). This
isn't unexpected keeping in mind that PEG chains
consist of about 44 units. On the other hand, it
shows that the degree of substitution of MPEG
to chitosan monosaccharide residue is high. Dis-
tinct absorption bands at 1110 cm? (C-O stret-
ching) and 2886 cm™* (C-H stretching) appear and
at 3400 cm? (O-H stretching) decline or almost
disappear in the IR spectra of chitosan-O-MPEGT
copolymers. The intensity of the absorption bands
depends on the density of MPEG grafts in the
copolymers.

!H-NMR spectra of N-phthaloyl chitosan (1), N-
phthaloyl-O-MPEGT chitosan (2) and chitosan-O-
MPEGT graft copolymers (3) in DMSO-d, are gi-
ven in Fig. 2. Chitosan derivatives containing

1467,75

1599,25

1110,58

1467,67

1112,85

1603,33 1030,48

3700,0 3000 2000

1500 1000 500,0

cm-1

Fig. 1. IR spectra of chitosan-O-MPEGT graft copolymers (1 — DS 19%; 2 — DS 23%) and chitosan (3)
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Table 1. Results of the analysis of O-PEGylated chitosans MPEGT graft copolymers didn't
A . depend on DS and were the sa-
mount o
No Compound DS, % | n_/c*, dLig me as MPEG-2000. The reflec-
MPEGT, % | NH, % > tion falls at around 26 = 19.0°
1 Chitosan — 6.60 — — and 23.5° were very _sharp and
2 MPEGT 100 _ _ 0.082 narrow, suggesting a high crystal-
3 Chitosan-O-MPEGT 49.2 3.30 8 0.115 linity of the copolymers. It appe-
4 Chitosan-O-MPEGT 73.29 1.76 23 0.106 ared that chitosan backbones we-
5 Chitosan-O-MPEGT 84.8 1.03 45 0.095 re amorphous but the MPEGT
6  Chitosan-O-MPEGT 921 0.52 97 0.120 grafts formed a regular structure.
7 Chitosan-O-MPEGT 96.3 0.28 192 0.120 No Significant differences betwe-
*c = 125 gldL. en thg mte_nsmes of peaks m_X-
ray diffraction patterns of chito-
; I 3
>
2
o)
[
: —
2
‘/\‘M
I 10 20 ' 30 40
20
g T 6 § &4 1 2

Fig. 2. 'TH-NMR spectra of N-phthaloyl chitosan (1), N-
phthaloyl-O-MPEGT chitosan with DS 8% (2) and chito-
san-O-MPEGT graft copolymer with DS 97% (3)

MPEGT grafts are characterized by a new very
strong signal at & = 3.50-3.60 ppm, which is attri-
buted to the oxyethylene groups present in the
grafts. The chemical shift at & = 7.20-7.70 ppm is
assigned to the aromatic protons of the phthaloyl
group. This signal doesn’t disappear in the spec-
trum of the phthaloylated chitosan-O-MPEGT graft
copolymer with low DS but becomes weaker (spec-
trum 2). Chitosan-O-MPEGT graft copolymers with
high DS (curve 3) contain one dominant signal at
3.50-3.60 ppm, confirming a high density of MPEGT
grafts.

X-ray diffraction patterns of chitosan and its graft
derivatives are shown in Fig. 3. The original chito-
san powder showed two major crystalline peaks at
20 = 10.8° and 20.0°, which were in good agree-
ment with earlier published data [22]. N-phthaloyl
chitosan showed only one broad and weak peak at
around 28 = 20°, suggesting that the ability of for-
ming hydrogen bonds was decreased after chemical
modification and this chitosan derivative appeared
amorphous. The diffraction diagrams of chitosan-O-

Fig. 3. X-ray diffraction patterns of chitosan (1) and chi-
tosan-O-MPEGT graft copolymers with DS 8% (2) and
DS 97% (3)

san-O-MPEGT graft copolymers and MPEG were
observed. It appeared that the orientation of crys-
tallites in the both cases was random.

The obtained chitosan-O-MPEGT graft copoly-
mers are soluble in water and weakly alkaline aque-
ous solutions irrespective of copolymer composition.
Moreover, these copolymers dissolve immediately
like oligomers or low-molecular-weight substances.
Chitosan-O-MPEGT copolymers become water-solub-
le irrespective of pH when DS reaches about 15%.
The solubility of the graft copolymers in organic
solvents is unconventional. Chitosan-O-MPEGT co-
polymers don’t dissolve in acetone, ethylacetate,
ethanol, chloroform, DMF and toluene at room tem-
perature, but they are easily soluble in the above
solvents at elevated temperatures (40-50 °C). After
dissolving they don’'t precipitate under cooling to
room temperature. Aliphatic hydrocarbons, carbon
tetrachloride and diethyl ether are non-solvents for
the grafts copolymers.

Reduced viscosity nsp./c of 1.25% aqueous solu-
tions of the copolymers in 0.5M CH,COOH/0.5M
CH,COONa at 25 °C is very low and similar to
that of MPEGT (Table 1). It means that grafting of
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MPEGT onto chitosan drastically decreases solution
viscosity of the latter. For comparison, intrinsic vis-
cosity [n] of chitosan (M, 400000, DD 72%) in the
same acetate buffer is 8.4 dL/g. The reduced visco-
sity depends on copolymer composition and reaches
its minimal value at moderate degree of substitu-
tion. The reduced viscosity of the solutions of
PEGylated chitosans is slightly increasing under di-
lution of the solutions. This abnormal behaviour is
typical for highly branched copolymers. Brush struc-
ture of the copolymers is responsible for very high
average coil density of macromolecules.

Low viscosity of chitosan-O-MPEGT graft copo-
lymers could be related to hydrogen bonding and
aggregation phenomena. Poor solubility of chitosan
and high viscosity of its solutions is explained by
partially crystalline structure of this polymer and very
tight hydrogen bonding between amino and hydro-
xyl groups [2]. Grafting of PEG chains separates
chitosan backbones, collapses order characteristic to
chitosan solutions and drastically decreases hydro-
gen bonding. It is known also [23] that macromole-
cules of chitosan — PEG copolymers may form ag-
gregates in an aqueous solutions. Compacticity of
these aggregates depends on density of PEG chains
and possibly reaches maximal value at moderate DS.
Just these copolymers have lowest value of reduced
viscosity (Table 1).

Chitosan-O-MPEGT graft copolymers containing
free amino groups may be applied in biotechnology
or in biomedical systems. The modified chitosans
are expected to be recognized by polysaccharides
and microorganisms because of unchanged funda-
mental skeleton of these poly(glucose amines). On
the other hand, due to water solubility and free
amino groups, O-PEGylated chitosans can act as use-
ful intermediates for further chemical modifications.

CONCLUSIONS

1. Novel chitosan graft copolymers with various den-
sity of poly(ethylene glycol) brushes were synthesi-
zed using chitosan and poly(ethylene glycol) 2000
monomethyl ether (MPEG). MPEG was “activated”
by 2,4,6-trichloro-s-triazine resulting in very conve-
nient and active intermediate.

2. Chitosan-O-MPEGT graft copolymers were
suggested having crystalline structure similar to that
of MPEG. O-PEGylated chitosans were soluble in
water and weakly alkaline aqueous solutions. Intrin-
sic viscosity of aqueous solutions of the graft copo-
lymers was extremely low and similar to that of
MPEG 2000.
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CHITOZANO IR POLIETILENGLIKOLIO
SKIEPYT@J@ KOPOLIMER®, TURINEIZ TRIAZINO
PIEDA, SINTEZE IR TYRIMAS

Santrauka

Susintetinti nauji chitozano-O-polietilenglikolio skiepytieji
kopolimerai, turintys skirtinga skiepg tanki. Pried kova-
lentidkai prijungiant prie chitozano, polietilenglikolio mo-
nometileteris (MPEG) buvo ,,aktyvuojamas* trichlortriazi-
nu. Chitozano eterifikacijos reakcija buvo vykdoma sidab-
ro oksido suspensijoje dimetilformamide. Chitozano-O-
polietilenglikolio skiepytieji kopolimerai buvo idtirti, nau-
dojant FTIR ir MBR spektroskopija, rentgeno spindulig
difrakcija ir elementinz analize. Skiepytieji chitozano ko-
polimerai tirpds vandenyje plaéiame pH vereig intervale.
Pig kopolimerg vandeninig tirpale klampos skaigius yra
labai mapas ir artimas MPEG klampai.



